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ABSTRACT
Background
The outcomes of natural disasters produce many complex uncertainties and statistics, many of
which have no metrics to assess how accurate they are. In particular, mortality estimates in lowand middle-income countries encompass many variables in their inherently challenging physical,
political, and logistical landscapes. Given that there has been no known systematic review of
assessing mortality estimation methodologies, the author aimed to provide a systematic review
of known methodologies and provide a framework to assess mortality estimation methodologies.
Methods
The author performed a systematic search of electronic databases from the past two decades up
to January 2019. In addition, the author utilized study reference lists and expertise from two
experts in humanitarian response. The author included studies that provided some type of
methodology to estimate mortality after natural disasters. The author excluded studies that were
not in low- or middle-income countries and studies that only focused on specific sub-populations
(e.g. under-5 mortality).
Results
Nineteen studies met the eligibility criteria. The studies used a range of methodologies, but
consisted mainly of retrospective cohort studies, computer programs, and formulas and
predictive models. Retrospective cohort studies (n=12) entailed the bulk of the results, while
computer programs (n=3) and formulas and predictive models (n=4) entailed the rest.
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Discussion
This systematic review indicates that methodologies to estimate mortality after natural disasters
are quite diverse and produce varying estimates. Even with the common use of retrospective
cohort studies over time, the use of established and evidence-based epidemiological methods is
rare. This review offers framework to assess mortality estimates after natural disasters but
highlights the need to establish a reputable and accepted metric for policy makers, the media,
and the public on how to interpret mortality estimates.
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INTRODUCTION
Natural disasters, particularly in low- and middle-income countries, have become more frequent
events in recent time. In 1960, there were 40 events of a natural disaster around the world. From
2006-2015, there was an average of 376 events of natural disasters per year (Guha-Sapir et al.,
2017). This increase in disasters is highlighted by the disproportionally high occurrences of floodand extreme weather-related natural disasters, which constitute most natural disasters around
the world. Economic losses have also skyrocketed in the last 30 years, with average global costs
totaling hundreds of billions of dollars each year. Fortunately, global annual deaths and death
rates have significantly decreased (Ritchie and Roser, 2019). However, tools and methodologies
to estimate mortality after natural disasters are constantly evolving, suggesting that an in-depth
look into how to effectively estimate mortality is needed.
Mortality estimates are essential in the aftermath of a natural disaster to provide aid agencies
and organizations the proper amount of assistance they need to provide. Additionally, mortality
estimates can indicate where the hardest-hit areas are, the type of mortality, a particular
population that is affected and more. Buildings damaged, the wind of a hurricane, or the seismic
magnitude of an earthquake can only tell so much. While not the only indicator for assistance,
mortality rates are nevertheless a major indicator. One recent example is Hurricane Maria in
Puerto Rico in which the official government death toll count was initially estimated at 16 deaths
and then 64 deaths, which remained the official count for over six months after the hurricane
(Moreno, 2018). Aid efforts were applauded by President Donald Trump, citing the low mortality
counts as his evidence (Riotta, 2018). However, the official death toll was 2,975 deaths, estimated
by the George Washington Milken Institute of Public Health. One could only imagine how much
more urgent the relief efforts could have been, had the initial death toll been more accurate.
Mortality estimation assessments play a vital role in encouraging action such as putting pressure
on country or world leaders to act or instigating organizations to increase their surge capacity.
Today, various methodologies to estimate mortality exist. In this paper, traditional household
surveys, computer programs, and formulas and models will be represented to show the different
ways mortality can be estimated. Household surveys, which constitute the majority of most
mortality estimate methods, are done by selecting a certain number of households, usually from
a randomization process, going door to door and conducting interviews to obtain information
that includes demographics and household status (e.g. alive, injured, or dead). Computer
programs usually consist of a software that collects data from multiple sources, processes it into
an algorithm, and then provides current and potential mortality estimates. Formulas and models
consist of mathematical calculations, using data as the variables.
This paper will primarily focus on the methodologies for estimating mortality after natural
disasters in low- and middle-income countries because there is no systematic review, to the
5

knowledge of the author, that is currently available on this topic. A similar systematic review on
estimating mortality centered on the Iraq War is the closest paper on methods for estimating
mortality (Tapp et al., 2008). Thus, this paper is the first of its kind to be centered on natural
disasters.
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METHODS
Search Strategy
While conducting the search, the author used PUBMED (1990-present), Medline (1990-present),
Disaster Literature (1990-present), and grey literature (1990-present). All studies were identified
by scanning electronic databases, scanning the reference section of all articles, and consulting
with the author’s advising committee. All searches centered on the research question of
estimating mortality in low- and middle-income countries, according to the World Bank, after
natural disasters. Additionally, the author used a language limit of English for all searches. The
last search was run on 21 January 2018.
The full search terms of this study’s searches in PUBMED and Medline (Ovid) can be seen in Figure
1 and Figure 2 in the appendix section.

Inclusion and Exclusion Criteria
Methods of the analysis including inclusion and exclusion criteria were specified prior to the start
of the review and documented. Once a literature review was done, there were no major
modifications.
All study designs were screened with the majority being retrospective cohort studies due to the
natural tendency of current mortality estimate models. Participants of any age who endured a
natural disaster were considered. However, studies which primarily centered on specific
populations, such as under 5 mortality or pregnant women, were not considered due to their
often-underlying study goals which did not focus on all-cause mortality estimate models. All
primary outcome measures, consisting of models to estimate mortality retrospectively or
proactively, were considered. In the inclusion of low- and middle-income countries, Hurricane
Maria in Puerto Rico was accepted due to its similarities of a low- or middle-income country such
as its low quality of life and a poverty rate of 44%, despite being part of the United States (U.S.
Census Bureau, 2018). As mentioned above, all papers written or translated into English were
accepted. Additionally, all publication statuses, peer-reviewed and grey literature, were
considered. Lastly, because of the recent increase in natural disasters and natural disaster
reporting as well as new advances in technology and computerized-software, only publications
since 1990 were considered (Dominey-Howes, 2015).

Collection
The eligibility assessment was performed independently by the author in a non-blinded
standardized manner. Where papers were inaccessible, the author consulted the Yale Medical

Library wherein all made requests were given. A full selection criteria including identification,
screening, eligibility, and inclusion can be seen in Figure 3 in the appendix.
A data extraction sheet was developed for relevant studies. The sheet was refined and any issues
were solved by consulting with the author’s advising committee or the Yale Medical Library. No
authors were contacted for further information.
Information was extracted from each relevant study and included data on: 1) type of study design
or methodology to estimate mortality, 2) number of households in study, 3) number of
participants in study, and 4) the date the study was done after the natural disaster occurred. For
studies that did not use surveys, information extracted was the same as above for the study’s
certain case studies with the addition of including the type of model or computerized program
used. In the author’s protocol, definitions were defined so no confusion would arise during the
analysis. In this paper, “mortality” refers to death due to the cause of a natural disaster.

Methodological Quality
To ascertain the quality of the included studies, the author determined the representativeness
of the sample, the ethical concerns, the study population size, and the feasibility to conduct the
model to estimate mortality in the 19 studies. As with retrospective cohort studies, selection bias
and recall bias may arise especially if done long after the occurrence of a natural disaster.
Additionally, as with relatively new computerized models, there is not much evidence that is
conducted due to its recent innovation. This can cause assumptions based on indeterminate and
unreliable evidence. The author realized these unavoidable biases and flaws, and made sure that
all papers at the minimum acknowledged this. Most included papers had a Limitations section to
address these issues.

Statistical Analysis
Household surveys or computerized programs were the primary method of measuring the
outcome of interest. Nevertheless, the author did not pool the included studies due to the
heterogeneous methods and the differing time periods to estimate mortality. In lieu of this, the
author provided details from each study.
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RESULTS
Study Selection
This systematic review yielded 656 relevant studies through PUBMED and Medline at first pass.
After screening, 80 relevant studies remained, and after full-text articles were assessed for
eligibility, 34 relevant studies remained. From this, 6 relevant studies and 13 relevant studies
from a non-structured search were included. Articles were excluded because after our first pass,
the author decided to exclude conflicts and wars, opinion articles, articles only estimating type
of mortality, media report evaluations, articles estimating confidence intervals of mortality, and
natural disasters in developed countries. The completed review consists of a total of 19 relevant
studies.

Study Characteristics
The 19 studies are included into three categories: retrospective cohort studies; computer
programs; and formulas and models. All were published or translated in English. Estimating
mortality was a primary or one of the sub-primary goals of all studies. The time period for
estimated mortality ranged from two weeks to five years after a natural disaster. The study
population mainly consisted of people affected by natural disasters, but for verification or
supplemental information, some studies relied on a study population consisted of non-affected
people who could provide valuable information.

Study Quality
Most studies (n=12) relied on retrospective household surveys and the rest (n=3 and n=4,
respectively) relied on a computer program, model, or formula to estimate mortality. Of the
studies that used retrospective household surveys, all 12 clearly defined their methodologies.
Some studies revisited households to confirm initial findings and some asked multiple informants
where to get information for further verification.

Individual Study Results
Below, all 19 studies are summarized, separated by retrospective cohort studies, computer
programs, and formulas and models.

RETROSPECTIVE COHORT STUDIES (N=12)
Brennan and Rimba, 2005 (Sumatra-Andaman earthquake of 2004)
This study was based on a cluster random-sample survey of households just two weeks after the
Sumatra-Andaman earthquake, also known as the 2004 Indian Ocean earthquake and tsunami.
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The main earthquake “ruptured a 1600-kilometer-long portion of the fault boundary between
the Indo-Australian and southeastern Eurasian plates on 26 December 2004 [seismic moment
magnitude ( !" ) =9.1 to 9.3]” and caused massive tsunamis in 14 countries, most notably
Indonesia, Sri Lanka, India, and Thailand (Lay et al. 2005). The study conducted a rapid health
assessment in one of the hardest hit areas in Aceh Jaya district of Indonesia. The team visited the
communities of Calang between 9 and 11 January 2005 and Rigah and Sayeung on 12 January.
Prior to the team’s arrival, data collection was done to collect baseline demographic, public
health, political and socioeconomic data. Once there, the team did a variety of “quick and dirty”
methods to collect relevant data. This included an assessment from the air and quick walks
through the three communities. The team met with key informants to obtain pre-tsunami
demographic and public health data.
In Calang, the main study area due to its near complete destruction by the tsunami, a systematic
random sample was conducted to collect representative demographic, health, and protection
data. Every 10th household was visited after a random start and interviewed using a standardized
interview that consisted of 11 open and closed-ended questions. A household was defined as a
group of individuals who had shared the same dwelling and ate together the night before. Data
was from all three communities were summarized into standardized assessment form.
It is important to note that baseline data were difficult to obtain for all communities because
many government and healthcare officials were killed or missing, and most government and
medical records were destroyed. In Calang, a total of 316 households were counted and 32
households visited. The average household size was 7.6 persons and a total population estimated
at 2,410 persons. Government officials reported that the pre-tsunami population was 7,8008,700 persons for Calang. Over 65% (65.6%: 95% confidence interval 46.8-81.4) reported at least
one death of an immediate family member as a result of the tsunami. Only 65.6% of households
surveyed were originally from Calang, suggesting that 1,581 persons remained. This represents
18.2% of the reported pre-tsunami population of 8,700.
Assessments in Rigah and Sayeung were much briefer because they were only accessible by boat.
Pre-tsunami population estimates was 1,300 for Rigah and 756 for Sayeung, respectively. The
current population at the time of the assessment was 600 for Rigah and 650 for Sayeung,
representing 46.2% of Rigah and 86.0% of Sayeung survived the tsunami, respectively.
Doocy et al., 2007a (Sumatra-Andaman earthquake of 2004)
This study was conducted in Aceh Province, Indonesia, one of the hardest hit areas of the
tsunami. The tsunami occurred on 26 December 2004 and an assessment of the impact of the
tsunami was done in January and February 2005 based on surviving internally displaced
populations (IDPs). Three additional rounds of surveys were done between March and August
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2005. Each survey except one used a 20x20 cluster design, used probability proportional to size
sampling, and surveyed approximately 400 households in nine different districts. This totaled to
1,653 tsunami-displaced households and pre-tsunami population of 9,635 individuals. Some
districts and sub districts were excluded due to the survey team not being able to obtain
permission from local authorities to conduct interviews or being difficult to reach by road.
The sampling methodology used was a two-stage cluster survey employing probabilityproportional-to-size. These locations were based on lists of known locations of IDPs using
standard sampling methods. For households residing in IDP camps or barracks, within-cluster
sampling was conducted by estimating the total number of households in an IDP site and then
selecting every nth household. Self-settled IDP households residing in host communities were
identified by randomly selecting a direction from a central point within the community (usually
the mosque), proceeding to the nearest house, and then inquiring if any IDPs were being hosted.
Information on IDP households were done by conducting a questionnaire-based interview.
Mortality information was collected by asking respondents to list all household members on the
day proceeding the tsunami and then their age, sex, and post-tsunami status. Most of the
interviewers were Acehnese university students and received a two-day training which included
field-testing the questionnaire.
Of the original pre-tsunami population of 10,063 individuals, 1,642 (17%) were reported as dead
or missing in the tsunami. A total of 597 households (36.1%) reported one or more persons dead
or missing. The surveys employed a similar design and survey instrument so that they could be
aggregated and weighted. The data from the four rounds of surveys was aggregated and
weighted and resulted in an estimate of 14.1% crude mortality among tsunami-displaced
households. The mortality rates from the four surveys from the nine districts were extrapolated
to the displaced population in Aceh province and a total tsunami mortality was estimated at
131,066.
Doocy et al., 2007b (Sumatra-Andaman earthquake of 2004)
This study is a supplement to Doocy et al.’s above article. This study aimed to quantify tsunami
mortality and compare approaches to mortality assessment in the emergency context in Aceh,
Indonesia. Information, particularly mortality rates, from the surveys were combined with
community-level input and a vulnerability model was developed to estimate and map tsunami
mortality in Aceh Province. Each survey except one used a 20-cluster design, used probability
proportional to size sampling, and surveyed approximately 400 households. This totaled to 1,653
tsunami-displaced households and a pre-tsunami population of 9,635 individuals.
Model results were compared with each other and with mortality estimates from the Indonesian
government to determine which model was the most plausible. The model that calculated
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mortality based on estimates of the surviving displaced population produced mortality estimates
with the best results compared to official estimates.
Geographic information systems (GIS) were also used for spatial modeling to produce an
environmental vulnerability index along the coastline. Factors such as aspect greater than 180
degrees, slope less than 15 degrees, elevation less than 10 meters, and maximum inundation
depth of 4 kilometers were considered to produce “areas at risk.” Additionally, spatially
distributed population data and the “areas at risk” from the GIS models were aggregated to
produce the density of the population at risk. An environmental vulnerability index using the data
from the GIS models was constructed to be compared to mortality estimates.
Based on the models, total tsunami mortality was estimated at 131,066 deaths, which was on
the low end of official estimates by the United Nations and the Indonesian government (United
Nations Information Management Service, 2005). For the GIS-based vulnerability model,
correlation between the environmental vulnerability index and mortality estimates produced a
satisfactory result with $ % =0.55.
Nishikori et al., 2006a (Sumatra-Andaman earthquake of 2004)
Also based on the Sumatra-Andaman earthquake and tsunami of 2004, this paper was conducted
in three administrative divisions of Ampara, an eastern coastal district in Sri Lanka from 13 to 18
March 2005. The study was based on a cross-sectional household survey of 13 evacuation camps.
Since internally displaced persons (IDPs) were highly mobile, the study team decided to include
all camp residents of the 13 camps. In other words, there was no study selection. If the
householder was not available for the interview, a proxy resident in the family aged 15 years or
older was allowed to participate. All 859 of the invited households agreed to participate in the
survey.
Households were defined by household registration cards which was considered a valuable asset
for householders due to its ability to grant access to food rations and other aid supplies. The
households were interviewed by locally employed surveyors with a pre-piloted, structured
questionnaire. Information on all family members as of 25 December 2004, the day before the
tsunami, was collected. If any death occurred between 26 December 2004 and the day of the
survey, the informant in the household was asked to recall the date and cause of death.
Information was verified by the household registration card and corrections were made
accordingly.
From the 859 households, the sample consisted of 3,533 individuals. Overall, 446 deaths (12.6%)
and 11 missing persons (0.3%) for a total of 457 events of deaths or missing persons were
reported. Mortality was concentrated within a few days of the disaster. Among the 457 events
of deaths or missing persons, 374 (82%) occurred on the day of the disaster and the remaining
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72 (18%) occurred within seven days of the disaster. No deaths were reported for more than two
months thereafter. Interestingly, location of individuals prior to death was significantly
associated with mortality. In general, individuals in buildings had a significantly higher mortality
than those who were outside.
Nishikori et al., 200b6 (Sumatra-Andaman earthquake of 2004)
This study, by Nishikori et al., is a supplement to the above study except the timing of mortality
among IDPs in 13 Sri Lanka evacuation camps is further analyzed. The same methodologies as the
previous study were also used.
Of the 3,533 individuals from 859 surveyed households, 99% of the deaths and missing people
occurred on the day of the tsunami or within three days of the tsunami. After 2 January 2005,
seven days after the onset of the disaster, no deaths were reported.
Frankenberg et al., 2011 (Sumatra-Andaman earthquake of 2004)
This paper, by Frankenberg et al., focused on the communities of Aceh and North Sumatra, two
of the hardest hit areas in Indonesia. The team conducted their study in February and March
2004, about nine months before the tsunami. The household survey the team used was part of
the annual National Socioeconomic Survey (SUSENAS) conducted by Statistics Indonesia and the
data collected was used for the Study of the Tsunami Aftermath and Recovery (STAR). The
SUSENAS survey covers households across the whole of Indonesia and is representative of the
population at the kabupaten (district) level in each province. By design, the team selected all
households that resided in kabupatens along the coastline.
The STAR respondents were followed for five years annually since the tsunami, with the first posttsunami interview occurring between May 2005 to May 2006. To locate all people who had died,
the team created preprinted household rosters from 2004, which consisted of information of the
household head, and visited the site of the 2004 interview. If no household member could be
found, another roster was created of up to three informants within the community to report on
the possible location of household members.
Another component the team did was assess the damage to each site. This was done by drawing
on global positioning system (GPS) measurements which included comparing satellite imagery
from NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) from a week before the
tsunami and three days after the tsunami. The team also interviewed with local leaders for their
assessment as well as the survey supervisor’s own direct observations.
Based on their survey, the team found that in about one-quarter of the heavily damaged
communities, more than 70% of the population died.
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Kolbe et al., 2010 (Haiti Earthquake of 2010)
The 2010 Haiti earthquake was a magnitude 7.0 !" earthquake with the epicenter
approximately 25 kilometers away from Haiti’s capital and most populous city, Port-au-Prince.
The earthquake occurred on 12 January 2010 but by 24 Januaryn more than 52 aftershocks had
occurred (Descroches et al., 2011). Total death tolls were reported as low as 46,000 in an
unpublished USAID report; 158,000 in a report by Medicine, Conflict and Survival; and 316,000
by the Haitian government (O’Conner, 2012).
The study by Kolbe et al. was a two-part cross-sectional household survey of people residing in
Port-au-Prince. The team conducted a household survey in the summer of 2009 of 1,800
households. Six weeks after the earthquake, the team conducted the same survey with the same
households in Port-au-Prince.
The pre-earthquake survey in 2009 consisted of 1,800 households, 300 of which were
oversampled from three urban zones. The team mapped out the boundaries of the geographic
area using GPS locators to establish a proper sampling frame. From that, GPS coordinates within
the metropolitan area were randomly generated. Teams of two or three, consisting of at least
one male and one female, then conducted household interviews. Households were selected by
being within 20 meters of the random GPS coordinate and if no house was visible, then the
procedure was done again with a different coordinate. The interview teams visited households
up to four times until an adult household member agree to participate. The adult with the most
recent birthday was nominated as the survey respondent. The response rate was 90.3%.
The post-earthquake survey in 2010 used the same format as the 2009 one with some exceptions.
The team consisted of 27 Creole-speaking and university-educated men and women who had
experience with household surveys. As compared to the 2009 survey, there were 400 cases
where the teams did not include a female interviewer. Due to the intense impact of the
earthquake just six weeks early, some original household members were difficult to reach. The
team travelled by foot, donkey, bus, or taxi to some remote villages and cities in Haiti to reach
the original participants. In-person interviews were also conducted in the Dominican Republic,
New York, Boston, South Florida, and Montreal. The response rate was 93% of the original 1,800
households.
The 2009 and 2010 surveys were designed to gather demographic information such as
socioeconomic, educational, employment, and housing status of each household. The 2010
survey consisted of additional questions on basic needs and mortality. If there was a death, the
date and perceived cause of death was recorded.
The data from households were weighted according to the Haitian census data from 2003 and
extrapolated by the statistics office in Haiti in 2009. The team assigned each household to an
14

administrative unit, called a commune, based on their location. Using the commune population
from the 2009 data, the team weighted each individual respondent to represent a proportion of
the population size for that commune. The estimated population for the greater Port-au-Prince
metropolitan areas was 2,713,599.
The team estimated that 111,794 individuals (95% CI: 93,273-130,316), or 4.1% of the population
(95% CI: 3.5-4.8%), died during or immediately after the earthquake. An additional estimated
37,301 individuals (95% CI: 29,669-44,933), or 1.4% (95% CI: 1.1-1.7%), dies as a result of injuries
in the post-earthquake period. Finally, an estimated 9,583 individuals (95% CI: 5,371-13,796), or
0.4% (95% CI: 0.2-0.5%), died of an illness in that same period. Overall, the estimated number of
deaths from 12 January to 4 March 2010 was 158,679 (95% CI: 136,813-180,545). It is important
to note that this study only took into account the greater Port-au-Prince metropolitan area and
not the whole of Haiti.
The crude death rate was estimated at 58.5 per 1,000 individuals. Lastly, taking into account the
CIA annual death rate estimate in Haiti of 8.65 per 1,000, the team estimated that in the absence
of the earthquake, approximately 2,700 individuals would have died.
Doocy et al., 2013 (Haiti Earthquake of 2010)
This study by Doocy et al. aimed to estimate the mortality from the 2010 Haiti earthquake and
identify risk factors for mortality in major earthquakes in low-income settings. A cross-sectional
survey was conducted in January 2011 in metropolitan Port-au-Prince. The stratified cluster
survey consisted of 60 clusters of 20 households, including 30 camp and 30 neighborhood
clusters. The survey was translated into Creole and conducted by trained Haitian nationals.
The clusters were assigned using probability proportional to size (PPS) sampling. For camps, “the
starting point in each camp cluster was a randomly selected intersection, and every third shelter
was sampled until 20 households were completed.”
For neighborhoods, “cluster allocation was based on a remote sensing building damage
assessment.” The data from this assessment on moderately to heavily damaged residential
buildings and 2009 population estimates were used to estimate the affected population within
each commune. Then, clusters were assigned to communes proportionate to the estimated
affected population where within each commune, clusters were assigned to sections (similar to
a sub district) based on the 2009 population estimates. In each section, geographic coordinates
were randomly selected and the nearest intersection was used as the cluster start. Then, “a
randomly-selected number and direction were generated among the streets or pathways
meeting the intersection to select one for the survey start location.” From there, every third
household was sampled and in buildings with multiple households, one household was randomly
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sampled. Any adult household member was eligible to participate but the head of household
usually opted to participate if he or she was present at the time of the interview.
The sample size consisted of 1,197 households for a combined population of 6,696 individuals in
January 2011 when the survey was conducted. A total of 153 deaths and a mortality rate of 23.97
deaths were 1,000 (95% CI: 20.36-28.03) were estimated. Mortality extrapolation was done using
direct extrapolation from the study and by damage level. Estimates using direct extrapolation
resulted in a total mortality of 74,190 (range: 63,061-85,555). Estimates using extrapolation by
damage level resulted in total mortality of 63,901 (range: 49,033-81,862).
Kishore et al., 2018 (Hurricane Maria of 2017)
Hurricane Maria was a category 5 hurricane in the Atlantic that ravaged through the northeastern
Caribbean, hitting Puerto Rico on 20 September 2017. Maria occurred two weeks after Hurricane
Irma and one month after Hurricane Harvey, all occurring in the Atlantic Ocean. This study by
Kishore et al. used a randomized household survey to estimate excess mortality in Puerto Rico
following the hurricane.
The team had a target sample of 3,000 households to “detect a 50% increase in the annual
mortality rate from a historic (September 20 to December 31) baseline rate of 8 per 1,000, with
80% power at a significance level of 0.05” (Puerto Rico Department of Health, 2005). Populations
based on remoteness were stratified to ensure sampling of households across geographic
regions. This was done by defining remoteness according to the travel time to the nearest city
with a population of at least 50,000 persons. The team determined an average remoteness index
for each of the 900 barrios in Puerto Rico, grouped them into 8 categories from least remote to
most remote, and randomly sampled 13 barrios from each category. The team then “randomly
sampled 35 households from each barrio using OpenStreetMap (OSM) using layers to identify
buildings” (OpenStreetMap, 2017). If the house was empty or abandoned, consent was declined,
or if sparsely populated barrios had fewer than 35 points because of incomplete data on OSM,
the team sampled a house from all surrounding visible houses using a random number generator.
Household surveys were given to one adult member per household and were done within 10
minutes. The survey collected information about everyone in the household and included
questions on age, sex, cause of death if after the hurricane, hurricane-related migrations,
neighborhood deaths, and access to basic needs.
Formulas were developed so survey weights (w) could be constructed. This was done for
'()*+'(,-* 01 23440(

households: &'()*+'(,- =

'()*+'(,-* 01 *356,+ 01 23440(

and for barrios: &23440( =

6(6),370(1 01 23440( 01 4+5(7+1+** 837+9(4:

6(6),370(1 01 4+5(7+1+** 837+9(4:

16

The general population estimate was given as: weighted household size = &'()*+'(,- ∗ &23440( ∗
<
# (> 23440(* 01 4+5(7+1+** 837+9(4:

and

#(> '()*+'(,-*
?@ABℎD@E
0K<

ℎFGH@ℎFIE HAJ@ where A is the

household. Weights and estimates of excess deaths were constructed with the most recent
official Puerto Rico population estimate in 2016.
To estimate excess deaths, the team estimated the mortality rate after the hurricane, from 20
September to 31 December 2017, and compared it to the same official mortality rate in 2016.
This data was obtained from the Institute of Statistics of Puerto Rico. The team did not apply
survey weights since they observed no remoteness of category-specific clustering of deaths.
Therefore, the post-hurricane unweighted crude mortality rate (L3>7+4 ) was defined as:
L3>7+4 =

-+37'*MNOPQ
6(6),370(1R-+37'*SPNTQP ∗(

VWX
)
YZ[

where 102 is the number of days after the hurricane until

31 December 2017 and L2+>(4+ is the unweighted crude mortality rate in 2017 before the
hurricane. Standard error and Poisson distribution were also defined. Excess deaths were
estimated by the application of the difference between the estimated L3>7+4 and the rate for
same period in 2016 using the baseline population estimates for Puerto Rico obtained from the
American Community Survey (ACS), conducted annually by the Census Bureau as: excess deaths
= L-0>> ∗ (\F\GI]DAF^ ∗

<_%
`ab

).

The team conducted the survey from 17 January to 24 February 2018 and surveyed 3,299
households composing of 9,552 individuals. Using the survey weights, the team estimated the
population of Puerto Rico to be 3,030,307 (95% CI: 1,466,680 to 4,593,934) which, assuming the
reported out-migration, is roughly equal to official estimates of 3,406,520 in 2016.
Out-migration was estimated at 268 individuals (2.8% of the sampled population). A 62% increase
in the mortality rate from 20 September to 31 December 2017 to the same time period in 2016
was observed. This corresponded to an annual mortality rate of 14.3 deaths (95% CI: 9.8 to 18.9)
per 1,000 persons and an estimated 4,645 excess deaths (95% CI: 793 to 8,498).
Sullivan and Hossain, 2010 (Kashmir Earthquake of 2005)
This study was done as an assessment to measure baseline health and to determine current
health problems for planning purposes in the Kashmir earthquake of 2005. The magnitude 7.6
!" earthquake occurred on 8 October 2005 in northern Pakistan, less than 20 kilometers from
Muzaffarabad.
Four cross-sectional surveys were conducted between 21 November and 25 December 2005. Two
were community-based and two were done in camps for IDPs. Each survey consisted of 30
clusters of 20 households in each cluster. Communities in the two community-based surveys
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were selected using the probability proportional to size (PPS) method. For the two camp-based
surveys, a list from the United Nations High Commissioner for Refugees (UNHCR) was given and
camps with at least 60 tents were considered.
For communities in the community-based surveys, three methods were used to select
households. The first method consisted of randomly selecting 20 households if a list of
households were available. The second method consisted of drawing a map and randomly
selecting 20 households if a list was not available in communities with fewer than 100
households. The third method consisted of dividing a community into two segments and
randomly selecting 20 households for larger communities of over 100 households. For organized
IDP camps, tents were selected using simple random sampling. For less organized IDP camps,
tents were selected using systematic sampling.
Interviews were done with the head of the household and with women with a child between six
months and 59 months of age. Demographic information and household destruction were
collected. Mortality was evaluated through the modification of the Standardized Monitoring and
Assessment of Relief and Transitions (SMART) method (UNICEF and USAID, 2005). The head of
the household “was asked to list the number of individuals in the household at the time of the
survey and those present on 1 July 2005.” The current status (alive, dead, unknown) was
requested for each individual and for the deceased, the date and cause of death was requested.
On average, 580 households consisting of 3,058 individuals were evaluated in each of the four
surveys. In total, 2,320 households and 12,232 individuals were evaluated. Before the
earthquake, there was a total of six deaths across all surveys for a crude mortality rate of less
than 0.1 per 10,000 per day in each survey. There was a total of 708 earthquake-related deaths
across the four surveys, of which 696 (98%) occurred on the day of the earthquake and 12 (2%)
occurred afterwards.
Pawar et al., 2004 (Gujarat earthquake of 2001)
This study, by Pawar et al., focuses on the magnitude 7.7 !" Gujarat earthquake on 26 January
2001, India’s Republic Day. The earthquake affected the state of Gujarat, of which the most
notable was the Kutch district where death tolls were highest. The study focuses on Bhuj block,
the district headquarters of the Kutch district. The team’s aim was to assess human loss and
injuries after the earthquake in Bhuj block.
A cross-sectional study was done as part of a rapid assessment of Bhuj block from 6-10 February
2001. The team consisted of 18 people divided into 5 teams, where each team consisted of a
local guide who was familiar with the local language and area. Each team was in charge of an
allotted defined geographic area. For each geographic area, each team identified key informants
such as local leaders (called sarpanch) and teachers. Data were collected from key informants by
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interviews and group discussions. Data collected included human and animal deaths and injuries,
available water sources, illness if any, and more.
A total of 144 villages, 128 from Bhuj block and 16 from neighboring blocks were assessed. Total
human deaths were reported as 541 and a death rate of 3.18 per 1,000 individuals. Total animal
deaths were 769. Importantly, the death rate was significantly associated with distance of village
to the epicenter (p<0.001).
Working Group for Mortality Estimation in Emergencies, 2007
This paper was the result of a workshop in France where the authors discussed the most common
method for estimating mortality, retrospective household surveys. They discussed issues with
sampling, household data collection, and cause of death ascertainment.
Simple random sampling and systematic sampling, according to the authors, don’t present any
challenges. Simple random sampling is the gold standard whereas systematic sampling should be
the second choice. However, if neither of these designs are available, cluster sampling can be
employed.
The most common cluster sample size is 30 clusters of 30 households, a total of 900 households.
For cluster sampling, the authors suggest not using the random walk approach to select
households because the probability of selecting a household is unknown, since the total number
of households in the community is unknown. Instead, they suggest selecting a fixed number of
households in a cluster so that the probability of selection can be calculated. They also suggest
establishing a GPS to establish boundaries and random point and then going to every third or
fifth household. They also point out that a concentration of clustering of deaths can occur due to
the homogeneity of some clusters. Furthermore, the authors suggest to stratify the population
under study to improve the precision of estimates. For all sampling methods, one must account
for non-responders like absenteeism and refusals by inflating the survey sample size in advance
to achieve the desired sample size.
For data collection, as mentioned in the Cairns et al. paper, there is the past census method, the
current household method, and the hybrid census method (using the SMART method). If
possible, calculating person-time at risk can improve the denominator, but this is only possible if
approximate dates can be reliably established.
Data ascertainment methods have not been thoroughly studied, according to the authors. It is
generally done by asking a relative or a next-of-kin but these are not always accurate. One
available method is the verbal autopsy (VA) method where field workers gather information from
a family based on an interview and then send the information to trained physicians who
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ultimately decide the cause of death. However, this method is tedious, time-consuming, and can
cause further pain for bereaved households.
The authors concluded that more research is needed to compare methodologies for estimating
mortality.

COMPUTER PROGRAMS (N=3)
Eguchi et al., 2008 (HAZUSâ model)
The HAZUSâ (Hazards US) is a loss estimation model based on geographic information systems
(GIS). It is freely distributed by the Federal Emergency Management Agency (FEMA) under the
United States Department of Homeland Security (DHS). HAZUSâ was created in 1995 to estimate
losses for earthquakes, riverine and coastal flooding, and hurricane wind.
The model is composed of three elements for loss estimation. First, the exposure of a natural
disaster is calculated for a certain area, which includes potential hazards and inventory data.
Potential hazards would take into account ground motions or ground failure potential from
landslides, liquefaction, and surface fault rupture. For future analysis, the element of frequency
or probability of occurrence would be included. For inventory data, “a national-level exposure
database of the built environment provided with HAZUSâ allows the user to run a preliminary
analysis without collecting additional local information or data. The database includes
information on the general building stock, essential facilities, transportation systems, and
utilities.
Second, it calculates the level or intensity of a certain area, including direct damage and induced
damage. This element estimates property damage for each of “the four inventory groups (general
building stock, essential facilities, transportation systems, and utilities), based on the level of
exposure and the vulnerability of structures at different hazard intensity levels.”
Third, using the exposed area and the hazard, it calculates potential losses, including social losses,
economic losses, and indirect losses. For social losses, which mortality estimates are under, the
casualty model provides estimates three times a day for seven population groups (commuting,
hotel, educational, commercial, industrial, single family residential, and other residential).
Aleskerov et al., 2005 (DSS-DM model)
This paper examines a Decision Support System for Disaster Management (DSS-DM) which is a
system that is context-dependent, low-cost, and flexible in areas where highly sophisticated
systems may not be well adapted. The DSS-DM is designed specifically for earthquakes and
estimates human losses and injuries as well as the need for temporary shelters at the district and
sub-district level.
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The DSS-DM has several stages. The first stage is where the “system introduces the concept of a
cluster in order to collect key input information on population and the construction typology of
buildings. Clusters consist of several buildings of the same type and utilized for the same
purpose.” Construction typology, number of stories, and construction year are the three major
factors to gauge the earthquake performance of a building. Given that a particular region’s
construction practices and relevant data is used, this system can be adapted to any country.
The second stage consists of inputting the earthquake resistance offered by different
construction typologies into the system, after earthquake scenarios have been designed with
respect to their possible impact. Estimating human losses and injuries depends on the level of
damage sustained by buildings of each construction typology. Last, the need for temporary
shelters is modeled by DSS-DM.
It is important to note that this software utilizes Windows and thus is user-friendly to whomever
is familiar with Windows. Training time is reduced and “any authorized user can enter, modify
and delete particular information while preserving the consistency of the overall data.”
This system is capable of producing micro-level (sub-district) estimates. It is also able to “cope
with resource and expertise scarcities and incomplete, inaccurate or missing data, while taking
loss prediction to the sub-district level.”
Jaiswal and Wald., 2011 (PAGER)
The Prompt Assessment of Global Earthquakes for Response (PAGER) created by the US
Geological Survey (USGS) is an “automated system that produces content concerning the impact
of significant earthquakes around the world” by rapidly assessing earthquake impacts.
Specifically, the PAGER system rapidly estimates the shaking distribution, the number of people
and settlements exposed to severe shaking, and the range of possible fatalities and economic
losses. Results are usually ready within 30 minutes of an earthquake but improve over time as
more information is gained.
Firstly, the PAGER system takes into account the shaking-related impact of an earthquake and
the population vulnerability based on the degree of seismic resistance of the local building stock.
Next, and at its core, are the earthquake location and magnitude determinations that the USGS
has been producing over the past decades. PAGER uses these earthquake parameters to calculate
estimates of ground shaking using the software developed by ShakeMap
(http://earthquake.usgs.gov/shakemap/). Then, the “number of people exposed to each shaking
intensity level is calculated by combing the maps of estimated ground shaking with a
comprehensive worldwide population database” called Landscan. PAGER then estimates total
losses based on country-specific models developed from economic and casualty data collected
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from past earthquakes. Finally, alert levels are created, determined by the estimated range of
fatalities and economic losses, with the higher of the two ranges setting the overall alert level.
For estimating mortality and economic losses, PAGER has four different levels. Green signifies 0
estimated fatalities and less than $1 million in losses; yellow signifies 1 to 99 estimated fatalities
and $1 million to $100 million in losses; orange signifies 100 to 999 estimated fatalities and $100
million to $1 billion in losses; and red signifies more than 1,000 estimated fatalities and more
than $1 billion in losses. The authors noted that estimating economic losses is more suited for
events in the US and areas with earthquake-resistant communities while estimating mortality is
more suited for global events, particularly developing countries.

FORMULAS/PREDICTIVE MODELS (N= 4)
Murakami, 1992 (Event tree model)
Murakami used information from occupancy pattern, regional building stock, their vulnerability,
and lethality of collapse to formulate a simulation model to estimate mortality, based on an event
tree model.
The model is expressed as: Pd(I) = Ph
cDk ∗ cgk] where

i
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Ph is the residence (home) occupancy ratio
Pw is the work place and school occupancy ratio
Phj is the ratio of residential building type j
Pwk is the ratio of work/school building type k
Pcj(I) is the collapse ratio of building type j at intensity I
Ptj is the entrapment ratio of building type j when collapsed
Pfj is the fatality ratio under entrapment in building type j
Audi et al., 2018 (Hurricane Maria of 2017)
This paper, by the Milken Institute School of Public Health at the George Washington University,
looks into the mortality assessment, communications assessment, and evaluation of the
implementation of the Center for Disease Control and Prevention’s (CDC) mortality reporting
guidelines in Puerto Rico following Hurricane Maria. Mortality was estimated as excess deaths.
The authors defined excess deaths as “deaths that exceed the regular death rate predicted for a
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given population had there not been a natural disaster or other unexpected or calamitous event”
(WHO 2018).
The team used two counterfactual scenarios for the analysis, using vital registration data from
seven years prior to the storm. The first was the census counterfactual which “assumes the rate
of change in the resident population composition and distribution—both in terms of absolute
size and factors associated with differential exposure to the risk of mortality.” The second was
the displacement counterfactual which estimated the cumulative excess net migration from
Puerto Rico from September 2017 to February 2018 and subtracts this from the census
population estimates in these months. They compared the counterfactual estimates of mortality
over the time period observed which produced estimates of all-cause excess mortality.
The team also took into account the population’s age, sex distribution, seasonality, and in- and
out migration over the last decade. To do their analysis, the team “developed a series of
generalized linear (GLM) overdispersed log-linear models using the historical registration data
from July 2010 to August 2017. These models accounted for trends in population size and
distribution over this period in terms of age, sex, and residence by municipal-level socioeconomic
development.” They then used the model results to project future mortality that would have
occurred if the storm had not occurred and the population had not changed (census
counterfactual), and accounting for the massive population displacement during this period
(displacement counterfactual). Finally, the team compared these projections to observed
mortality in the vital registrations data to arrive at their estimate of 2,975 excess deaths due to
the storm.
It is important to note that the team also ascertained that the death certificate process was
arduous, ineffective, and confusing which led to such a low initial mortality estimation by the
government of Puerto Rico.
Coburn et al., 1992 (Casualty Model)
This paper, by Coburn et al., explains a casualty model that centers on estimating human casualty
levels from buildings collapses in earthquakes. A generalized casualty model is expressed as:
n = n* + n o + n2
where n* is fatalities due to structural damage,
K’ is fatalities from non-structural damage, and
K2 is those arising from follow-on hazards.
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However, K2 is rare and K’ is highly unpredictable so the authors examined n* , which is consistent
and accounts for a large percentage of total deaths in an earthquake.
Therefore, the casualty model, is expressed as:
nqS = r52 ∗ [!12 ∗ !22 ∗ !32 ∗ (!42 + !52 )]
where r52 is the total number of collapsed structures (damage level 5) of buildings type b,
M1 is the population per building,
M2 is the occupancy at time of the earthquake,
M3 is the number of occupants trapped by collapse,
M4 is the injury distribution at collapse, and
And M5 is the mortality post-collapse.
Summing for all the building types gives the total dead due to building collapse n* . The factors
M1 to M5 can be used to assess the effects of damage predictions on the human population
inside a known building stock. It is important to note that this model requires an estimate of the
number of buildings collapsed, categorized into broad categories based on its building stock. For
each building, average values for persons per building (M1) and occupancy patterns (M2) must
also be obtained. The parameters M3 to M5 must also be obtained.
Yeo and Cornell, 2003 (Building-specific methodology)
The methodology used here involves advanced nonlinear dynamic analyses to characterize
building damage which is paired with information on the spatial locations of the occupants and
the ground motion site hazard curve of earthquakes. This information produces a full probability
distribution of the annual number of fatalities due to building damage from earthquakes. The
model is divided into occupant spatial location and building fatality potential, which are
independent of each other, but are combined in the end to produce a fatality estimate.
For occupant spatial location, the number and location of occupants in the building, the time
occurrence of the earthquake, the function of the building, the level of the building, structural
spatial discontinuities, and the value of the full-occupancy population as well as occupant
behavior during the earthquake all play an important role in the fatality estimation. The way the
authors quantified this was to divide the floors of buildings into smaller grid areas. For the model
to work, snapshot estimates of the expected number of occupants per grid area for all grid areas
of buildings are needed.
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To predict the building fatality potential, this model uses multi-stripe nonlinear dynamic analyses.
This refers to performing “a number of nonlinear dynamic analyses of the structure using a
sample of ground motions scaled to a common ground motion intensity level value, collect the
information on the damage sustained by the structure…, scale up the ground motion to a higher
Sa value, and repeat the process.”
For fatality estimation, a formula can be used after the expected number of occupants per grid
area and the conditional probabilities of the damage states are obtained. It is expressed as:
w x,+y+, < z{l , r{i , {]0 =

1
^

x,+y+, < z{l , r{i , {]0
}

Denoting the set of ground motions that result in collapse scenario k and damage state j at Sa
level I by Ω, where
n is the number of ground motions in Ω,
z{l is the collapse scenario k,
r{i is the damage state j,
{]0 is the Sa level i, and
x< is the number of occupants killed on floor level 1.
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DISCUSSION
TAKEAWAYS
With the recent increase in the occurrences of natural disaster in the past decades, compiling
and understanding methods for estimating mortality after a natural disaster is greatly needed.
For relief efforts to be most effective and reach affected populations as soon as possible,
mortality estimates are a vital statistic that can be used to estimate the amount of damage that
a natural disaster incurred. This systematic review found 19 articles in which the primary goal or
one of the goals was to estimate mortality. From the search, household surveys were the most
widely used (n=12), formulas and predictive models were second most (n=4), and computer
programs (n=3) were next.
Household surveys are well-established and have the most evidence of their usage. It is also a
generally accepted methodology in the scope of epidemiology (Checchi and Roberts, 2009). The
formulas, predictive models, and computer programs are less established and lack much
evidence that can be attributed to more up-to-date developments.
Most papers that used household surveys tried to reduce bias and most explicitly stated it
(Brennan et al., 2005; Doocy et al., 2007; Nishikori et al., 2006; Kolbe et al., 2010; Doocy et al.,
2013; Kishore et al., 2018). Papers that used formulas, predictive models, or computer programs
accounted for bias but were not as extensive as household surveys.
Estimating mortality by household surveys relies on certain parameters that must be fully
accomplished for the survey to effectively ascertain the correct number of deaths. Sampling
methods and data collection are the two most important factors for household surveys.
Assuming all of a population cannot be surveyed, there are three sampling methods used for
household surveys. Simple random sampling consists of a list of all households wherein they are
randomly chosen. However, a list of all households is rarely available and thus simple random
sampling is usually not feasible. Systematic random sampling consists of choosing households in
groups, such as villages or camps. The first household is randomly chosen and thereafter, the ^7'
household is sampled (Doocy et al., 2007a; Brennan and Rimba, 2005). Cluster sampling is the
most widely used sampling method. It consists of using known divisions within populations (such
as districts, villages, sectors of a camp) and choosing a cluster of neighboring households within
each division. The first household in each cluster is chosen and usually the household closest to
the one just surveyed is picked, and so on. The classic cluster sampling design is a 30 cluster by
30 households design (30x30) for a total of 900 households surveyed. Some studies may account
for non-responses so they survey more than the traditional 900 households. Moreover, some
studies used a two-part cluster survey (Kolbe et al., 2010) where they returned to the survey site
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and interviewed households for an update on their household status. The surveyors even went
out of the country to locate original respondents. Within cluster sampling, spatial sampling,
where the clusters are distributed based on surface area, can also be employed using a Global
Position System (GPS) or other tool. However, spatial sampling may result in rural bias where
people, who live in more rural areas where there is more space, are more likely to be sampled.
The second important factor to be considered in household surveys is data collection. As
mentioned in the papers using household surveys, good questionnaires were key for a successful
interview. Good questionnaires were concise, to-the-point, and short. Additionally, they were
translated into the local language and sometimes back-translated to ensure reliability. Two
questionnaire designs were used for the papers. One is the past household census design where
the respondent lists all household members present at the beginning of the recall period and
then lists all members present on the survey day. The interviewer also assesses who joined the
household and who left during the recall period. This design is more rigorous but valuable “when
the recall period is long and the population has a complex history of displacement and
separation” (Checchi and Roberts, 2009). The other design is the current household census design
where the interviewer establishes the composition of the household on the day of the survey
and then asks the respondent about any births or deaths during the recall period. They also ask
about any members joining or leaving during the recall period. This design has quicker interview
times, makes for a relatively easy analysis, and is useful when the recall period is short.
Similarly, interviewers in the papers were trained and taught how to appropriately interview
members of households and communities. One should not forget that asking people about the
death or possible death of household members, sometimes within weeks of a disaster (Brennan
and Rimba, 2005; Pawar et al., 2004), puts enormous stress on the interviewee. Furthermore,
the recall period of the time period being asked should be clear from the beginning. Respondents
should clearly remember the recall period to accurately remember certain events. Events such
as day of disaster or local holiday were used as a point of time that was easily memorable. Clear
criteria for classifying the causes of death must also be presented to properly assess which deaths
were attributable to a natural disaster and not due to someone’s pre-existing conditions. The
concept of direct and indirect mortality due to a natural disaster must be further explored to
have more accurate estimations. Direct deaths such as a tree falling on a person or someone
drowning in a tsunami is quite simple to count as a disaster-related death. However, an absence
of medical care or a cholera outbreak can lead to indirect disaster-related deaths that should also
be counted.
Ethics, especially in household surveys or when collecting data, is particularly important to ensure
no harm is done during data collection. Retrospective surveys usually require an approval from a
research ethics review board and a minimum of verbal consent is required from respondents.
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They must be properly informed of what the data will be used for. As recounting past experiences
can be traumatizing, respondents must also be able to be interviewed in a private, safe space.
They should not be forced to recount any experience if they do not want to and should not be
pressured to answer. Interviewers must remember that the people they are interviewing are
valuable to their study and thus should not be treated simply as data but as humans who have
experienced traumatic experiences.
With the computer programs, estimation of mortality was focused more for future events. This
can be vital when a natural disaster is predictable and relief efforts can be advanced before the
disaster occurs. The computer programs relied on geographical data, such as global information
systems (GIS), and other available data such as building inventory and census data to produce
estimates. However, once the data is inputted into the program, results can appear as early as
30 minutes of an earthquake, as in the PAGER program. These programs can be hugely beneficial
to disaster-prone countries but will only work if data is available.
Similarly, formulas and predictive models use much of the same parameters as computer
programs except it stops a step short of inputting the formula into a computer program software.
This provides a quick crude estimate but can be a bit simplistic such as the event tree model by
Murakami in earthquakes (Murakami, 1992). Additionally, like computer programs, one needs to
gather relevant data in order to input it into the formula. While a bit slower to calculate than
computer programs, formulas and models can be beneficial to disaster-prone countries, albeit
when data is available.
One similarity that non-household surveys had was that most focused on earthquakes. Out of
the non-household surveys (N=7), six papers were entirely on earthquakes or included
earthquakes in it (Euguchi et al., 2008; Jaiswal et al., 2011; Murakami, 1992; Audi et al., 2018;
Coburn et al., 1992; Yeo and Cornell, 2003). These papers used earthquake-related factors such
as the intensity of the earthquake, the building stock, the essential facilities, the time and place
people are at during the earthquake, and more. There was a noticeable emphasis on building
stock. This could be due in part because earthquake damage is sometimes a result of poor
infrastructure (Bhatty, 2010). Additionally, the focus on earthquakes could be because the
damage and losses is relatively easier to analyze than more “messy” disasters such as hurricanes
or tsunamis.

LIMITATIONS
While household surveys are the most established and used methodology to estimate mortality,
there are some limitations. First, household surveys are retrospective and are done after the
disaster occurred, usually at least a few weeks after the disaster. Waiting after a disaster occurs
to estimate mortality may be safer to conduct surveys and can provide additional deaths
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indirectly attributed to the disaster. However, since most deaths happen within days of the
disaster (Sullivan and Hossain, 2011) and aid organizations need to plan out their aid using
mortality estimates as a key indicator, waiting for weeks can be detrimental to affected
communities. Second, selection bias can occur when sampling is not randomized and is thus not
representative of the population as a whole. For example, only sampling from internally displaced
person (IDP) camps (Doocy et al., 2007a; Nishikori et al., 2006) is only representative of people
most hard hit by a disaster, people who do not have the resources to go somewhere else for
sanctuary, and many more factors. Additionally, household surveys using a cluster methodology
(Doocy et al., 2013), may be prone to selection bias because deaths may be concentrated in
certain areas so survey teams can overestimate mortality if they survey in heavily-concentrated
death areas or they can underestimate if they survey in areas where deaths were not
concentrated. It is important for survey teams to randomly select populations to survey while
being as effective as possible. Third, survivor bias can occur when people who made it past a
certain selection process are focused on and people who are not present due to lack of visibility
are ignored. This is highly relevant when household surveys are conducted on people who
survived a disaster or are present when survey teams come. It takes a literal sense in cases where
no members of a household survived a disaster, thus making them largely ignored (Doocy et al.,
2007a; Doocy et al., 2013). In surveys where households with no surviving members were
excluded, survivor bias is present. Cultural practices could inhibit an accurate estimate as well.
For example, cultures that burn the dead may do so before teams get to them, thus invoking a
survivor bias. Similarly, communities or relief organizations afraid of diseases spreading from the
deceased may burn or get rid of them also before anyone can count them. Fourth, response bias
can occur when respondents inaccurately or falsely answer questions. Typically not done on
purpose, response bias can happen when a respondent cannot accurately remember a memory
due to trauma or when the recall period is too long to remember, also called recall bias. Surveys
done months or years after a disaster occurred can be especially difficult for respondents to
remember. While there is no “ideal” time period post-natural disaster for mortality estimation
studies, recall bias can increase as more time goes by. Additionally, when no records exist to
verify verbal accounts, response bias is particularly difficult to avoid.
Another limitation to consider is that mortality estimates will always be contextually different.
Sometimes a country’s capacity is not enough to count all mortalities. As we have seen in lowand middle-income countries, the capacity and resources are not always available to conduct
thorough mortality estimations. And in extreme instances, such as in Indonesia (Brennan and
Rimba, 2005), the very people who conduct mortality estimations are killed in a natural disaster.
This shows that understanding a country’s capacity to estimate mortality must also be included
in a holistic evaluation of how trustworthy their estimation is.
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Despite the ability to estimate and sometimes predict various losses, computer programs require
data to be able to plug it into its algorithms. One has to consider building inventories, census-like
information, geographic layouts, and more for the programs outlined in this review. Baseline data
for instances that do not exist, such as regions where a natural disaster has not recently occurred
or never occurred at all, must be in place for computer programs to accurately and effectively
estimate mortality. This data may already be in place in developed areas but in low- and middleincome countries, the time and money in obtaining this data may not be feasible. Even with the
DSS-DM program, where it claims that it is better equipped than the “high precision” HAZUS
program to work in less-developed settings, it still needs information on building inventories. All
computer program studies claimed to use their software in multiple cases but the issue of
reproducibility still persists. The HAZUS program’s claim that it is more precise in less-developed
setting implies that other computer programs are not as precise in those settings. This shows
that for computer programs to be accurate, they must be able to reproduce mortality estimates
in a variety of settings. Additionally, the computer programs had a strong emphasis on
earthquake loss estimation but not on many other natural disasters, showing that more work
must be done with non-earthquake disasters.
Formulas and predictive models pose the issue of taking longer to calculate mortality estimates
as well as being difficult to calculate by someone who is not familiar with the calculations. Unlike
computer programs where a user can simply input numbers into a software, formulas require
some calculation before it can be inputted into a computer system. Additionally, processes such
as generalized linear over-dispersed log-linear regression models (Audi et al., 2018) or advanced
nonlinear dynamic analyses (Yeo and Cornell, 2003) to calculate mortality estimates can be
daunting and difficult unless one is quite familiar with certain calculations.

RECOMMENDATIONS
A common framework to assess methodologies (figure 4):
For all types of methodologies, there is no metric or way to judge which methodology is the most
accurate. Perhaps different methodologies are suitable for different types of natural disasters.
With mortality estimates constantly getting disputed (Kolbe et al., 2010; Kishore et al., 2018) and
natural disasters being innately complex and unpredictable making them difficult to predict, a
metric is necessary for the public, policy makers, and aid organizations to understand estimated
mortality in natural disasters.
-

Does the mortality estimate understand the background?

First, it is essential to understand the background, history, and culture of the disaster-affected
area to make sound decisions in making decisions on how to obtain data for accurate
mortality estimates. These factors can be underlying reasons that make a mortality estimate
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more or less accurate. For example, researchers have to account for current conflicts such as
the civil conflicts both in Indonesia and Sri Lanka during the 2004 Indian Ocean earthquake
and tsunami to assess mortality. In Indonesia, the rebel movement and government forces
agreed to a peace deal while in Sri Lanka the separatist Liberation Tigers of Tamil Eelam (LTTE)
movement controlled most of eastern and northern and refused to stop fighting (Kingsbury,
2018). Or perhaps in countries that are ethnically divided, researchers have to account for
differing types of receptiveness. An accurate mortality estimate should consist of a “quick
and dirty” assessment (Brennan et al., 2005) wherein survey teams may drive through
affected areas if possible, scan the area from an aerial view, or interview local leaders or
community informants. While not scientific, this can give the research team a feel for the
area and the scope of the disaster. This can also reveal certain factors that the research team
may not have accounted for in their initial assessment.
-

Does the mortality estimate account for disaster dynamics?

Second, a good mortality estimate should account for disaster dynamics that could highly
influence mortality estimates. This can include factors such as the location of a natural
disaster, secondary effects, and confounders. For example, in urban disasters where
mortality is usually centered in buildings (Nishikori et al., 2006) or in disasters where damage
is concentrated at the epicenter (Pawar et al., 2004), looking anywhere else for data should
only be supplemental and not the focus. Additionally, secondary effects of a disaster such as
a tsunami after an earthquake or multiple earthquake aftershocks can increase mortality
estimates. If an estimate is done too soon after a disaster without accounting for secondary
shocks, then mortality estimates will be too low. Moreover, mortality estimates must account
for confounders to make the estimate more precise. For example, people with pre-existing
conditions who die within the time frame of a natural disaster should not necessarily be
counted for as a disaster-related death. However, in cases where deaths are indirectly
attributed to a natural disaster, such as someone who dies because they do not have their
pills that were swept away in a tsunami or water-borne diseases because of a lack of clean
water, they should be counted for as disaster-related deaths.
Likewise, disaster dynamics play an important role with excess mortality estimation whereby
the disaster dynamics can affect the calculations used to produce excess mortality
calculations. In the George Washington Milken Institute School of Public Health study on
Hurricane Maria in Puerto Rico, excess deaths were deaths that exceed the regular death rate
predicted for a given population (WHO 2018) had there not been a natural disaster or other
unexpected or calamitous event, such as an epidemic or industrial accident (Geronimus et al
2004; Haentjens et al. 2010). As mentioned above, people with pre-existing conditions who
die within the time frame of a natural disaster should not necessarily be counted for as a
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disaster-related death. But if utilizing the methodology of excess mortality, someone who
cannot access medical care due to a pre-existing condition may be counted for a disasterrelated death due to the definition that had the disaster not happened, the death would not
have happened.
Additionally, it is also important to remember that ultimately relief organizations are not
waiting on exact figures of secondary effects to act upon them. For example, if there is a
cholera outbreak from a lack of clean water sources, relief organizations are going to mobilize
immediately before it spreads further. They will not wait for a perfect methodology and a
highly accurate estimation. All they need is a rough estimate to act upon. A rough estimate
can help the living population and prevent further deaths by identifying secondary effects.
Moreover, for natural disasters that are powerful enough to mangle bodies, it is important
not to double count bodies. Research teams should be aware of co-mangled bodies and
should only count them if they are sure they were not already counted.
-

Does the mortality estimate account for the affected population?

Third, an accurate mortality estimate must understand the affected population and be
ethically sound when assessing the population in-person. Similar to understanding the local
culture and history, researchers must also understand the demographics of affected
populations. For example, for methodologies that survey IDP camps or in hostile regions,
survey teams must account for certain biases (explained later) that could influence mortality
estimates. Additional demographic data that should be accounted for are location of affected
populations, types of residency, building stock, socioeconomic status, and more. The more
data that is accounted for, the better the representation of the affected population is.
Additionally, for in-person assessments, survey teams must receive an approval from an
ethical review board and receive consent from the people they are surveying. At no point
should the information that survey teams witness and hear be negatively used against
communities or individuals they are assessing.
-

Does the mortality estimate use the appropriate methodology?

Lastly, and most importantly, the appropriate methodology must be used to accurately depict
a mortality estimate. The author recommends using household surveys to obtain data that
can be used to measure mortality. However, the surveys must be done with limited bias, a
trained survey team, and a suitable interview. Additionally, they must be done within a
reasonable time after the natural disaster, preferably having survey teams on the ground
within a couple weeks of the disaster.
When household surveys are not possible, computer programs or formulas must be used.
Household surveys may not be possible due to a myriad of possibilities such as the region is
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too difficult to get to, it is not safe, the government will not allow it, and plenty more.
However, with computer programs and formulas, one must rely on available data to use as
inputs. In this case, researchers must ensure and verify that the data they are inputting is
accurate and truthful.
Given no established literature on this topic, to the knowledge of the author, the author suggests
more research should be done on a near-universal metric to properly assess mortality estimates.
Improved data collection
Better data collection is necessary for all type of methods to estimate mortality, but particularly
with computer programs and formulas where data is the basis for their calculations. Without
good data, calculations from computer programs and formulas mean nothing. One example is
assessing the quality of death certificates in Puerto Rico (Audi et al., 2018). The death certification
process proved to be an unfamiliar and confusing thing to do for physicians or people who had
presided over death certification. Examples like this and many more data collection examples can
be difficult to obtain, and even much more difficult to obtain data that is of good quality. This is
why good data collection practices and verifying data should be prioritized to get results that are
significant. Additionally, all countries, no matter their capacity, should routinely conduct
mortality estimations. Doing this will enable countries, especially countries with low capacity or
resources, to be familiar with mortality estimation once a natural disaster occurs.
Improved interviews for household surveys
Similar to data collection, interviews and questionnaires must be improved to obtain the best
possible information to be able to transfer that information to actionable results. Biases can be
decreased if certain steps are taken. First, surveys or interviews must be done within a reasonable
time to properly assess damage but also to report to aid organizations for the proper amount of
relief aid. Mortality is a key indicator to the amount of damage and thus a key indicator to aid
organizations for logistical planning. Second, surveys must be randomized but also be
representative of a population as a whole. Sampling only in IDP camps or in areas where the
damage was not high can result in overestimates or underestimates of mortality figures. Third,
surveys must not only rely on survivors, or people who made it past a certain a selection process.
Households where family members are not present and are thus excluded can thoroughly skew
mortality estimates. Interview teams can interview neighbors or family members to verify
mortalities that were not recorded (Frankenberg et al., 2011). Fourth, interviews and
interviewers must formulate and ask questions that do not result in respondents falsely or
inaccurately answering questions. Interviewers should be wary of the traumatic experiences
some of the respondents may have and should not pry in a way that would make the respondent
feel uncomfortable or unsafe. Interviews should also be short, to the point, and understandable
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to respondents. Interview teams should be trained, have someone who knows the culture and
can speak the local language, and be respectful to communities they are surveying.
Take advantage of available resources
When a natural disaster strikes, not all resources can be available such as in the sequential
occurrence of Hurricane Harvey, Hurricane Irma, and Hurricane Maria in 2017. This is why using
available resources can, at the very least, provide some crude estimates of the situation.
Additionally, supplemental and verified information can be useful in ways that were not thought
of before a disaster, such as under 5-year mortality or location of damage. For household surveys,
using geographic information systems (GIS) for spatial modeling can help map out where the
damage is done (Doocy et al., 2007b; Frankenberg et al., 2011). Or for computer programs and
formulas, using qualitative data can help reveal issues that were not obtainable from calculations.
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CONCLUSION
Given the increase in natural disasters in recent years and the increase in economic losses
incurred from them (Guha-Sapir et al., 2017), aid organizations need to know how much and
when relief aid can be delivered to affected countries. A key indicator as to the amount of damage
and loss is mortality. Mortality estimates can be divided into retrospective cohort studies,
computer programs, and formulas. Retrospective cohort studies are the most established and
provide in-depth information but are done after the fact. Meanwhile computer programs and
formulas can provide prospective surveillance but rely on available information and can be
confusing to use. When possible, using all methodologies together within a relatively quick time
frame after a disaster is the best solution as it can give aid organizations the proper information
for planning purposes and thus reach affected populations as soon as possible.
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APPENDIX
Figure 1:
Medline (Ovid)
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

(death or mortality).sh
(statistics or methodology or estimation or data
collection).sh
1 and 2
Natural disasters/
Floods/
Food aid/
(4 or 5) not 6
4 or 5
1 and 2 and 8
1 or 2 or 4 or 5
(death* or mortality).tw
1 and 11
1 or 11
2 and 8 and 13
14 not 9
4 or 5 or (natural disaster* or flood* or typhoon* or
landslide* or earthquake*).tw
2 and 13 and 16

Figure 2:
PUBMED

And
And

(estimat* [ti] OR predict* [ti] OR model* [ti] OR assess* [ti] OR survey [ti] OR approximate* [ti]
OR assessment [ti] OR projection [ti] OR evaluat* [ti]) OR (“Population surveillance” [Mesh])
((mortality [tiab] OR death* [tiab] OR fatal* [tiab])) OR (("Death"[Mesh]) OR "Mortality"[Mesh])
((((natural disaster* [ti] OR "Disasters"[Mesh])))
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Figure 3:
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Figure 4:

A Common Framework to Assess Mortality Estimation Methodologies
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Table 1:

Title
A Cluster-based decision
support-system for
estimating earthquake
damage and casualties
Ascertainment of the
estimated excess
mortality from
Hurricane Maria in
Puerto Rico

Author

Aleskerov et
al.

Audi et al.

Study
Population

N/a

N/a

Publication
Year

Study
Design/Model

Outcome(s)

2005

Decision Support
System for Disaster
Management (DSSDM)

A system capable of producing
micro-level (sub-district) estimates
that enhance the quality of disaster
management planning. The system
takes into account resource and
expertise scarcities and incomplete,
inaccurate or missing data.

2018

Generalized linear
over dispersed loglinear regression
models (GLM) and
Generalized
Additive Model
(GAM)

A total of 2,975 excess deaths in
Puerto Rico due to Hurricane Maria.

Rapid health
32
assessment in Aceh Jaya
households
Brennan and
District, Indonesia,
(consisting of
Rimba
following the December
7.6 persons,
26 Tsunami
on average)

2005

Factors determining
human casualty levels
in earthquakes:
Mortality prediction in
building collapse

1992

Coburn et al.

N/a

For the town of Calang, an
estimated 70% of the population
Retrospective
died; for the town of Rigah, an
cohort study (crossestimated 54% of the population
sectional cluster
died; and for the town of Sayeung,
survey)
an estimated 14% of the population
died at the time of impact.
Mortality from earthquakes can be
estimated
by
the
formula:
!"# = &5( [*1( ∗ *2( ∗ *3( ∗
Casualty model
*4( + *5( ) where D5 is the
number of collapsed buildings, M1 is
population per building, M2 is
occupancy at time of earthquake,
43

Tsunami mortality in
Aceh Province,
Indonesia
Tsunami Mortality
Estimates and
Vulnerability Mapping
in Aceh, Indonesia
Mortality following the
Haitian earthquake of
2010: a stratified cluster
survey

Doocy et al.

1,653
households
(9,635
individuals)

Doocy et al.

1,653
households
(9,635
individuals)

Doocy et al.

1,197
households
(6,696
individuals)

2007

2007

2013

Loss Estimation Models
and Metrics (Chapter 6)

Eguchi et al.

N/a

2008

Mortality, the Family
and the Indian Ocean
Tsunami

Frankenberg
et al.

94 clusters
(6,151
individuals)

2011

PAGER—Rapid
Assessment of an
Earthquake’s Impact

Jaiswal and
Wald

N/a

2011

Retrospective
cohort study (twostage cluster
survey)
Retrospective
cohort study; and
geographic
information
systems-based
models
Retrospective
cohort study (crosssectional cluster
survey)

M3 is occupants trapped by
collapse, M4 is mortality at collapse,
and M5 is mortality post-collapse.
Out of the original pre-tsunami
population, 1,642 people or 17%,
were reported as dead or missing.
Tsunami mortality in Aceh was
131,066
as
estimated
by
demographic models. Mortality was
concentrated in the district of Aceh
Jaya.
Mortality was estimated at 24
deaths per 1,000 in the sample
population.

Loss estimation models, such as
HAZUS, can be used as a decisionmaking tool.
In about one-quarter of the heavily
Retrospective
damaged communities, more than
cohort study (cross- 70% of the population died.
sectional cluster
survey)
HAZUS software
program

Prompt Assessment
of Global
Earthquakes for
Response (PAGER)
system

A country/region-specific empirical
was developed where the total
fatalities for a given earthquake are
estimated by multiplying the
number of people exposed at each
shaking intensity level by the fatality
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Mortality in Puerto Rico
after Hurricane Maria
Mortality, crime and
access to basic needs
before and after the
Haiti earthquake: a
random survey of Portau-Prince households

Kishore et al.

3,299
households
(9,522
individuals)

2018

Kolbe et al.

1,800
households

2010

N/a

1992

A simulation model to
estimate human loss
Murakami et
occupants of collapsed
al.
buildings
in
an
earthquake
Who died as a result of
the tsunami? – Risk
factors of mortality
Nishikiori et
among
internally
al.
displaced persons in Sri
Lanka: a retrospective
cohort analysis
Timing of mortality
among
internally Nishikiori et
displaced persons due to
al.
the tsunami in Sri Lanka:

859
households
(3,533
individuals)

2006

859
households
(3,533
individuals)

2006

rates for that level and then
summing them at all relevant
shaking intensities.
Retrospective
A total of 4,645 excess deaths in
cohort study (cross- Puerto Rico due to Hurricane Maria.
sectional cluster
survey)
Mortality was estimated at 111,794
or 4.1% of the population, where
Retrospective
these deaths occurred during or
cohort study (twoimmediately after the earthquake.
stage cluster
An additional 37,302 or 1.4% of the
survey)
population died in the post-quake
period.
A total of 24,542 deaths occurred in
the selected cities and regions.
Event tree model
Overall mortality out of 3,533
individuals from 859 households
Retrospective
was 12.9%. Most mortality occurred
cohort study (crossduring and immediately after the
sectional cluster
disaster. In the study area, a
survey)
significantly high mortality was
observed in women and children.
Retrospective
Mortality after the 2004 Indian
cohort study (crossOcean tsunami was concentrated in
sectional cluster
the first few days of the disaster.
survey)
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cross
sectional
household survey
Rapid
Assessment
Survey of Earthquake
Affected Bhuj Block of
Kachchh District

Pawar et al.

144 villages

2004

Earthquake mortality in
Pakistan

Sullivan and
Hossain

2,320
households
(12,232
individuals)

2010

Wanted: studies on
mortality estimation
methods for
humanitarian
emergencies,
suggestions for future
research

Working
Group for
Mortality
Estimation in
Emergencies

N/a

2007

Building-specific Seismic
Fatality Estimation
Methodology

Retrospective
A total of 541 deaths, 3.18 deaths
cohort study (cross- per 1,000, were reported in the
sectional cluster
surveyed district.
survey)
A total of 708 earthquake-related
Retrospective
deaths occurred in the four surveys.
cohort study (crossOf this total, 696, or 98%, occurred
sectional cluster
on the day of the earthquake and
survey)
12, or 2%, occurred afterwards.
Alternative methods to estimate
mortality must be examined and
current methodologies must be
Retrospective tworeassessed for effectiveness.
stage cluster survey

Mortality from earthquakes can be
estimated
by
the
formula:
2 345654 7 89: , &9< , 9=> =
Yeo and
Cornell

N/a

2003

Building-specific
model

7
? @

345654 7 89: , &9< , 9=> where CS
is collapse “scenario” k, DS is
damage state j, Sa is Sa level I, and X
is number of occupants killed on the
floor level 1.
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